significantly after treatment with Cu 2+ and Pb 2+ at certain concentrations. Moreover, recombinant HsFer-1 and -2 were able to inhibit the growth of two strains of bacteria, and the former efficiently chelated Fe 3+ . From these results, we conclude that HsFer-1 and -2 may be involved in iron metabolism and immune defense by inhibiting the growth of bacteria.
INTRODUCTION
All eukaryotic ferritins are composed of 24 polypeptide chains that form a hollow spherical structure surrounding a cavity capable of storing up to 4500 Fe 3+ ions (Torti and Torti, 2002; Carrondo, 2003) . Ferritin is composed of H-and L-subunits, the proportions of which vary in different tissues (Hasan et al., 2006) . In invertebrates, these two subunits demonstrate different iron absorption and mineralization capacities (Harrison and Arosio, 1996) . The H-subunit is composed of seven conserved residues conferring iron oxidase activity, and is able to rapidly convert Fe 2+ to Fe
3+
. The L-subunit exhibits no iron oxidase activity, but its salt bridges stabilize its structure for iron nucleation and long-term storage (Santambrogio et al., 1992; Zhu et al., 2011) . Some studies have reported the presence of an iron response element (IRE) in the ferritin 5'-untranslated region, which is considered the binding site for iron regulatory protein (IRP; Kato et al., 2001 ). H-and L-ferritins are both regulated highly efficiently according to iron concentration through the IRE-IRP system (Pantopoulos, 2004) . The post-transcriptional regulation of ferritin has been extensively studied, and involves coordination of Iron Responsive Protein 1 and Iron Responsive Protein 2 and the Iron Regulatory Element (Hentze and Kühn, 1996) .
Some reports have demonstrated that ferritin is involved in the immune response in many species, including Scophthalmus maximus , Pseudosciaena crocea , Patinopecten yessoensis (Zhang et al., 2013a) , and Ruditapes philippinarum (Kim et al., 2012) . Expression of genes encoding ferritins can be affected by high iron levels (Torti and Torti, 2002) , oxidative stress (Tsuji, 2005) , and heavy metal ions (Zhang et al., 2006) . Furthermore, Wang et al. (2011) reported that recombinant CsFerM derived from Cynoglossus semilaevis completely inhibits the growth of six different bacterial fish pathogen species.
Since its introduction to China, Hyriopsis schlegelii has gradually become the principal species employed in the Chinese freshwater pearl industry because of its rapid growth and the good quality of its pearls. Our previous study has revealed that the two ferritin subunits of this species (HsFer-1 and HsFer-2) are of the H-type, and are involved in host immune defense (He et al., 2013) . To obtain a better understanding of its function in immunity, we investigated ferritin mRNA levels after challenge with bacteria and heavy metal ions. In addition, bacteriostatic assays and tests of the iron-chelating activities of recombinant HsFer-1 (rHsFer-1) and HsFer-2 (rHsFer-2) were performed in this study.
MATERIAL AND METHODS

Experimental animals and bacteria
Healthy H. schlegelii averaging 131.0 ± 10.2 mm in shell length (6-9 months old) were collected from the Fuzhou Hongmen Reservoir Exploitation Corporation, Jiangxi Province, China, and acclimatized at 23° ± 2°C in aerated fresh water for 3-5 days. The bacteria Vibrio anguillarum VIB1 (ATCC 43305) and Staphylococcus aureus (GIM1.221) were provided by the State Key Laboratory of Freshwater Ecology and Biotechnology, Institute of Hydrobiology, Chinese Academy of Sciences. All strains were cultured to mid-logarithmic phase in Lysogeny broth (LB) medium at 37°C and resuspended in phosphate-buffered saline (PBS).
Challenge experiment
Seventy mussels were randomly divided into challenge and control groups (35 individuals per group). For the former, 50 µL live V. anguillarum or S. aureus was injected into the adductor muscle, and five mussels were randomly sampled 0, 2, 4, 8, 16, 24 , and 48 h post-infection. Mussels in the control group were injected with 50 µL PBS. For both groups, hemocytes, gonads, and hepatopancreas were collected for expression analysis. At each sampling point, equally sized tissue samples were taken from five mussels and ground into a powder in liquid nitrogen. All samples were homogenized in 1 mL Trizol reagent (Invitrogen, Carlsbad, CA, USA) and stored at -80°C for subsequent procedures.
For the heavy metal challenge experiment, 140 mussels were used. These were randomly divided into four tanks (35 individuals per tank), and exposed to analytical-grade Fe 3+ , Cu
2+
, and Pb 2+ at final concentrations of 4 g/L, 15 mg/L, and 12 mg/L, respectively. The fourth tank served as a control group. The fresh water in each tank was changed every day. After 0, 2, 4, 8, 16, 24, and 48 h, the hemocytes, gonad, and hepatopancreas of five mussels from each tank were collected for RNA extraction to analyze the temporal expression profile of HsFer-1 and HsFer-2. All collected samples were treated as above.
RNA extraction and complementary DNA (cDNA) synthesis
Total RNA extraction was accomplished using Trizol reagent following the manufacturer protocol. The purity and integrity of the extracted RNA was assessed with a microvolume spectrophotometer (NanoDrop 2000, Thermo Fisher Scientific, Waltham, MA, USA) and 1% agarose gel electrophoresis, respectively. To eliminate genomic DNA contamination, RNA was treated with RQ1 RNase-free DNase (Promega, Madison, WI, USA) following the manufacturer protocol. DNase-treated RNA (2 µL) from different tissues was used to synthesize cDNA utilizing Moloney murine leukemia virus reverse transcriptase (Promega), and the resulting cDNA samples were diluted 1:10 in nuclease-free water for use as a template.
mRNA expression analysis by quantitative real-time polymerase chain reaction (qRT-PCR)
HsFer-1 and HsFer-2 gene expression patterns in response to bacterial and metal ion (Fe 3+ , Cu
2+
, and Pb 2+ ) challenge were detected by qRT-PCR. The primers employed are listed in Table 1 . Each reaction was prepared in a final volume of 20 µL, comprising 10 µL SYBR Green PCR mix (Life Technologies, Carlsbad, CA, USA), 0.4 µL each primer (10 nM), 8.4 µL double-distilled H 2 O, and 0.8 µL cDNA template. The reaction conditions were as follows: an initial incubation at 94°C for 5 min, then 40 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 30 s. Each reaction was carried out in triplicate. Expression of HsFer genes was estimated using the 2 -DDCt method (Livak and Schmittgen, 2001 ). Statistical analysis was carried out with SPSS 19.0 software (IBM Corp., Armonk, NY, USA). Data (reported as means ± standard deviations) were tested by one-way analysis of variance between the experimental and control groups. Statistical significance was determined with the Student t-test. In all cases, differences were considered significant at P < 0.05, and highly significant at P < 0.01. 
Iron-chelating activity assay
The iron-chelating activity of purified rHsFer-1 was determined based on the method of Boyer and McCleary (1987; Decker and Welch, 1990) . Briefly, rHsFer-1 was dissolved in water to a concentration of 60 µg/mL. A total of 20 µL 2.5 mM FeCl 3 was combined with 100 µL rHsFer-1 (treatment group) or 100 µL elution buffer (control group). Then, elute buffer was added up to 1 mL to samples from both groups. The mixtures were subsequently shaken at room temperature for 60 min. To convert Fe 3+ to Fe
2+
, 40 µL 1% l-ascorbic acid was mixed with the samples by shaking for 20 min, and 40 µL 5 mM ferrozine was subsequently added (Sangon, Shanghai, China). After incubation for 10 min at room temperature, the optical density (OD) of each sample at 562 nm was detected with a spectrophotometer. Measurements were repeated three times to obtain the average absorbance value used to calculate the ironchelating activity of rHsFer-1. This was estimated according to the following formula: [C -(C-S)] / C x 100%, where C and S represent the absorbance values of the control and treatment samples, respectively.
Bacteriostatic activity analysis
Recombinant proteins were purified as described in a previous publication (He et al., 2013) . The bacteriostatic activity of rHsFer-1 and rHsFer-2 was evaluated using a bacterial growth inhibition assay based on a slightly modified procedure . First, V. anguillarum and S. aureus were grown to mid-logarithmic phase in LB medium at 37°C. Then, these bacterial solutions were diluted 1:50 or 1:100 and cultured until their OD at 600 nm (OD 600 ) was approximately 0.4. Two aliquots of bacterial suspension were treated with rHsFer-1 or rHsFer-2, at final concentrations of 40 and 80 µg/mL. A further aliquot was mixed with an equivalent volume of PBS as the control group. All samples were cultured by shaking (220 rpm) at 37°C. We assessed the bacterial growth with detecting the turbidimetric method by measuring the OD 600 at 2-h intervals over 10 h with a visible-light spectrophotometer. Every measurement was taken three times for each assay.
RESULTS
HsFer-1 and HsFer-2 gene expression in response to bacterial infection
To assess the expression of HsFer-1 and HsFer-2 in response to bacterial challenge, healthy H. schlegelii were exposed separately to V. anguillarum and S. aureus. Hepatopancreases, gonads, and hemocytes were then collected to analyze levels of ferritin mRNA by qRT-PCR at various intervals (0, 2, 4, 8, 16, 24 , and 48 h post-challenge). Expression levels are reported as fold-changes compared to that of the control group.
As shown in Figure 1A , the relative expression of HsFer-1 mRNA in hemocytes slowly increased to 1.79-fold (P > 0.05) by 24 h after exposure to S. aureus, whereas its lowest level of 0.53-fold (P < 0.05) was observed after 48 h. The presence of HsFer-1 transcripts in these cells decreased and increased at each interval after challenge with V. anguillarum, the highest expression (2.30-fold; P < 0.05) being measured after 48 h ( Figure 1B ). HsFer-2 mRNA levels in hemocytes appeared to be up-regulated to two time points after exposure to S. aureus, firstly at 4 h (1.80-fold; P < 0.05), then at 24 h (1.71-fold; P < 0.05; Figure 1C ). Following challenge with V. anguillarum, hemocyte expression of HsFer-2 increased gradually from 0-4 h, peaking at 4.32-fold (P < 0.01), then decreasing to a low of 0.58-fold (P < 0.05) at 8 h. The initial level was subsequently maintained from 16-48 h ( Figure 1D) .
In gonad tissue, after treatment with S. aureus or V. anguillarum, HsFer-1 expression was the highest after 8 h, reaching values of 7.69-(P < 0.01) and 4.43-fold (P < 0.01), respectively ( Figures 1A and 1B) . HsFer-2 levels in this tissue peaked to 2.25-fold (P < 0.01) at 24 h following injection of S. aureus. In response to V. anguillarum, HsFer-2 expression increased and decreased at intervals from 2 to 16 h, with a peak value at 8 h of 4.76-fold (P < 0.01; Figures 1C and 1D) .
In the hepatopancreas, HsFer-1 mRNA levels increased gradually from 0-4 h after exposure to S. aureus, eventually reaching 2.83-fold (P < 0.05). Then, expression decreased to its lowest level (0.38-fold) at 8 h (P < 0.05), before rising to a second high point of 2.16-fold (P < 0.05) at 24 h ( Figure 1A) . However, as Figure 1B shows, transcription appeared to be repeatedly up-and down-regulated from 0 to 48 h following V. anguillarum challenge, peaking at 16 h (6.05-fold; P < 0.01; Figure 1B) . Expression of HsFer-2 in the hepatopancreas after treatment with S. aureus displayed changes similar to those observed in relation to HsFer-1 following V. anguillarum challenge. The highest value of 2.33-fold (P < 0.01) was recorded at 24 h ( Figure 1C) . As a result of exposure to V. anguillarum, HsFer-2 levels peaked twice, at 2.86-fold (P < 0.05) after 2 h, and 1.90-fold (P < 0.05) after 48 h ( Figure 1D ).
Temporal expression of HsFer-1 and HsFer-2 in response to iron ion exposure
To examine whether HsFer-1 and HsFer-2 mRNA transcription is modulated by Fe 3+ , the expression of these genes was investigated in the hemocytes, gonad, and hepatopancreas ( Figure 2 ). In hemocytes, transcription of HsFer-1 was lowest (0.18-fold; P < 0.01) at 4 h, and a peak of 1.53-fold (P < 0.05) was measured at 24 h (Figure 2A) . Meanwhile, HsFer-2 mRNA levels increased to the highest (3.59-fold; P < 0.05) after 2 h and were the lowest (0.57-fold) at 24 h ( Figure 2B ). HsFer-1 expression reached a high of 6.14-fold (P < 0.01) in gonad tissue after 2 h, then decreased rapidly to its original level (Figure 2A) . The lowest level of HsFer-2 transcription (0.76-fold; P > 0.05) in this tissue was observed at 4 h, and the highest (4.29-fold; P < 0.01) at 8 h ( Figure 2B) . Expression in the hepatopancreas of HsFer-1 increased slowly, to finally peak at 24 h (2.74-fold; P < 0.05; Figure 2A ). That of HsFer-2 was strikingly elevated in this tissue, with two high points of 8.57-(P < 0.01) and 10.10-fold (P < 0.01) at 2 and 24 h, respectively ( Figure 2B ). , levels of both HsFer-1 and HsFer-2 distinctly increased in hemocytes, reaching the maximum values of 9.37-fold (P < 0.01) after 4 h and 3.65-fold (P < 0.05) after 2 h, respectively. However, expression of these genes was unchanged in the hepatopancreas, remaining at baseline levels ( Figures 3A and 3B ). In the gonad, HsFer-1 levels were up-regulated to a high of 9.61-fold at 16 h (P < 0.01; Figure 3A) , before being down-regulated from 16 to 48 h. HsFer-2 expression reached a peak value of 12.64-fold at 8 h (P < 0.01; Figure 3B ).
Levels of HsFer-1 mRNA did not increase and HsFer-2 mRNA only increased at 48 h in hemocytes after challenge with Pb 2+ ( Figures 3C and 3D) , whereas in the gonad, peak increases of 4.14-(P < 0.01) and 4.02-fold (P < 0.01), respectively, were measured at 2 h. In the hepatopancreas, expression of HsFer-1 and HsFer-2 remained essentially constant from 0-16 h, and reached a maximum of 1.76-(P < 0.05) and 2.61-fold (P < 0.05), respectively, after 48 h. 
Analysis of rHsFer-1 Fe 3+ chelation
In order to investigate whether rHsFer-1 possesses the fundamental property of ferritin, an iron-chelating assay for ferroxidase activity was performed using the Fe 2+ -specific reagent ferrozine. The solution containing ferritin exhibited an absorbance value at 562 nm of 0.109, while for the control solution, this value was 0.277. At a concentration of 6 mg/mL, the Fe 3+ -chelating activity of rHsFer-1 was calculated to be 39.35%.
Bacteriostatic effect of rHsFer-1 and rHsFer-2
To investigate the antibacterial efficacy of purified rHsFer-1 and rHsFer-2, the growth of V. anguillarum and S. aureus was measured in the absence and presence of these proteins at different concentrations. Clear antibacterial activity was observed by detecting light absorbance at 600 nm, revealing that rHsFer-1 and rHsFer-2 inhibited the growth of both bacterial strains. Figures 4A and 4B demonstrate that rHsFer-1 exerted the strongest inhibitory effect against S. aureus and V. anguillarum at 2 and 6 h, respectively. Extremely significant inhibition of S. aureus growth was apparent at 10 h after addition of rHsFer-2 ( Figure 4C ), the antibacterial activity of which was not as strong in liquid medium containing V. anguillarum ( Figure 4D ). In addition, the inhibitory effect of the two recombinant proteins was dose-dependent. When the concentrations of rHsFer-1 and rHsFer-2 were raised from 40 to 80 mg/mL, their antibacterial potency increased significantly. 
DISCUSSION
Ferritins are regarded as acute-phase proteins that respond to stress and inflammation. In lower vertebrates such as fish, ferritin synthesis is modulated by microbial infections. For instance, expression levels of ferritin in Atlantic cod and red drum are elevated by exposure to the bacterial pathogens Aeromonas salmonicida and Edwardsiella tarda (Feng et al., 2009; Hu et al., 2010) . Compared to vertebrate ferritins, less attention has been paid to invertebrate forms, and only Beck et al. (2002) have reported that echinoderm ferritins are involved in innate immunity. In addition, heightened expression has been observed in Saccostrea cucullata and Argopecten irradians following challenge with the pathogens Vibrio harveyi and Listonella anguillarum (Zhu et al., 2011; Li et al., 2012) .
Expression levels of HsFer-1 and HsFer-2 have been shown to be up-regulated in the hepatopancreas, gonad, and hemocytes after exposure to Aeromonas hydrophila; thus, ferritin is thought to be involved in host immune defense (He et al., 2013) . It is interesting to consider whether Gram-positive and -negative bacteria bring about different levels of ferritin expression in H. schlegelii. H and M ferritins are up-regulated in the liver, spleen, and kidney of P. crocea in response to an attenuated live strain of the Gram-negative bacterium V. anguillarum . Certain researchers have also speculated that Gram-negative bacteria more potently induce S. maximus Fer-1 than Gram-positive strains . In our study, levels of HsFer-1 and HsFer-2 mRNA increased in the gonad and hepatopancreas during challenge with S. aureus and V. anguillarum. This result is similar to those obtained with P. yessoensis (Zhang et al., 2013a) , Pinctada martensii (Wang et al., 2012) , Mya arenaria (Araya et al., 2010) , Venerupis philippinarum (Zhang et al., 2013b) , and Saccostrea glomerata (Taylor et al., 2013) . As an acute-phase protein, ferritin can be up-regulated as a result of infection, especially during those involving bacteria (Feng et al., 2009; Hu et al., 2010) . One hypothesis posits that ferritins protect against microbial infection by depriving pathogenic organisms of nutrients in an ironwithholding strategy (Raetz and Whitfield, 2002) . Here, the two ferritin subunits seemed to respond differently to S. aureus and V. anguillarum. For instance, although HsFer-2 expression was dramatically elevated in reaction to both bacteria in the hepatopancreas and gonad, it was more sensitive to V. anguillarum challenge. That is, the maximum level of HsFer-2 transcription in these two tissues occurred 2 and 8 h after V. anguillarum infection, respectively, but peaked at 24 h following S. aureus challenge. This is consistent with ferritin expression in the Yesso scallop (P. yessoensis; Zhang et al., 2013a) . In contrast, the highest HsFer-1 mRNA levels were recorded at 16 h following initial exposure to V. anguillarum, but after only 4 h of S. aureusinduced stress. These results suggest that each subunit might serve a different purpose in the innate immunity of H. schlegelii against diverse challenges.
From another perspective, we found that HsFer expression levels varied greatly in the same tissues after stimulation by the same bacteria, implying that different ferritin subtypes may play divergent roles. In the present study, ferritin expression tended to peak before returning to its baseline value. In addition, previous data have established that ferritin synthesis is affected by inflammatory processes, including reactions to bacterial injection. Together, these findings indicate that ferritin is an immune-enhancing protein, the production of which increases in response to particular stimuli. Given these results, we can conclude that the elevation of ferritin expression may be a protective mechanism to alleviate pressure.
Few reports concerning the effect of ferritin on bacterial growth have been published. Ferritin from R. philippinarum has been shown to demonstrate noticeable anti-bacterial activity in its suppression of Vibrio tapetis growth (Kim et al., 2012) . It has also been reported that four purified recombinant ferritins from P. yessoensis are able to inhibit proliferation of the scallop pathogen V. anguillarum (Zhang et al., 2013b) . In this study, the inhibitory effect of rHsFer-1 on V. anguillarum was appreciably stronger than that against S. aureus. The cell walls of Gram-positive bacteria are known to comprise a three-dimensional structure composed of teichoic acid and a large amount of peptidoglycan. By contrast, those of Gram-negative bacteria consist of a two-dimensional planar formation containing less peptidoglycan. As is well known, lipopolysaccharide (LPS) is a key component of the outer membranes of Gram-negative bacteria, but is not present in those of Gram-positive species. As an endotoxin, LPS can induce a series of immune responses by promoting the secretion of pro-inflammatory cytokines . In this context, our results suggest that LPS may elevate ferritin expression, which inhibits bacterial growth. However, although ferritin exhibits clear bacteriostatic effects, the mechanism by which rHsFer-1 and rHsFer-2 bring about such inhibition requires further study.
Ferritin plays important roles in the metabolism of iron, including the regulation of its concentration and its detoxification (Zhang et al., 2013b) . As demonstrated in disk abalone (De Zoysa and Lee, 2007) , turbot , and red drum , purified recombinant ferritin is able to bind iron. This attribute explains ferritin's efficacy, via the ironwithholding strategy, as part of the host innate immune response against microbial infections (Bradford, 1976) . These observations prompted us to perform an in vitro bacteriostatic test of the two H. schlegelii ferritins. The results were similar to those obtained with turbot, revealing that recombinant ferritin inhibits the growth of pathogens . Variations in the intensity of inhibition may be due to the different bacterial strains used in each protocol. In our iron challenge experiment, expression of the two HsFer genes significantly increased. As expected, this demonstrates that the corresponding proteins could be involved in iron regulation, as with ferritins in abalone and clams (Jin et al., 2011; . Our study revealed HsFer-1 and HsFer-2 transcription to be regulated by iron concentration. Therefore, in addition to their storage and detoxification functions, ferritins act against microbial infection by sequestering host iron. Besides the effect of iron, we investigated the induction of ferritin expression by other heavy metal ions by challenging H. schlegelii with Cu 2+ and Pb
2+
. We found that both of these metals could cause up-regulation of HsFer genes, in a similar manner to that in Chinese shrimp (Fenneropenaeus chinensis; Zhang et al., 2006) .
To date, there have been few reports regarding the chelation of Fe 3+ by ferritin in H. schlegelii. The present study revealed that this protein can successfully generate chelate complexes with Fe 3+ ions.
Conflicts of interest
The authors declare no conflict of interest.
